Cooperative communications have been proved to be a promising technique in next generation wireless communication and network system. Limited feedback is a novel technique that employs several bit of channel state information (CSI) feedback and achieves almost the same performance as perfect feedback. However, literature on cooperative communications and limited feedback in underwater acoustic (UWA) environments is very scarce. Therefore, in this paper, we propose a novel UWA cooperative communication system with limited feedback. Minimum error rate criterion-based optimization model (Part I) will be involved to analyze the performance of the adaptive power allocation based on the proposed system. Limited feedback general procedure and codebook design will be demonstrated. Simulation results will compare the performance of the full CSI feedback, a few bits of feedback and uniform power allocation.
Introduction
The Underwater acoustic (UWA) communication has been regarded as one of the most challenging wireless communications due to its unique channel properties, such as large Doppler shift, dynamic wind-generated bubbles at sea surface, severe multi-path signal propagation [1] [2] . Therefore, how to achieve high data rate and reliable communications in fast time-varying UWA environments is a challenging topic that many scientists have put great effort on it [3] [4] [5] .
Cooperative communication is a new paradigm that draws from the ideas of using the broadcast nature of the wireless channel to make communicating nodes help each other, of implementing the communication process in a distribution fashion and of gaining the same advantages as those found in MIMO. There are several typical cooperative transmission protocols, such as Amplified-and -Forward (AF) relay, Decode-and-Forward (DF) relay, compress-and-forward (CF) relay. Also, the relaying types can be divided into fixed relaying and adaptive relaying (selective relaying and incremental relaying) [6] . Cooperative communications have been well investigated in the past decade [7] [8] [9] [10] . Especially, literature [11] [12] [13] focuses on the cooperative communications with limited feedback. However, literature on cooperative communications in UWA environments is scarce [14] [15] [16] [17] [18] [19] [20] . [14] analyzed performance of cooperative UWA communications from the aspect of information theory.
[15] proposed optimum power allocation strategy and Doppler compensation method for OFDM cooperative underwater networks.
[16] proposed a sparse channel estimation method for cooperative UWA communications. [17] proposed a multi-reply and relay selection strategy for cooperative UWA communication systems. [18] studied cooperative diversity technique for UWA wireless communication based on AF relays. [19] proposed a novel wave cooperative transmission scheme, which is specially designed for UWA signal propagations. [20] proposed a receiver design for cooperative MIMO-OFDM UWA channels under Doppler-distorted conditions.
Limited feedback is a novel technique to achieve adaptive communications in wireless environments. It allows only a few bits of feedback that conveys the channel state information (CSI) from the receiver side to the transmitter side, while it can achieve almost the same performance as that of perfect feedback and save resource simultaneously. Therefore, the limited feedback technique has been regarded as a promising technique for the future wireless communications due to the limited communication resource nowadays. Alternatively, the limited feedback technique has been well implemented in Orthogonal Frequency Division Multiplexing (OFDM), Multi-input-and Multi-Output (MIMO), beamforming and other dominant wireless communication issues [21] [22] [23] [24] [25] [26] . However, so far only five literature adopted the limited feedback technique in UWA communications [27] [28] [29] [30] [31] . To the best of our knowledge, Huang et al. involved the limited feedback technique in UWA communications for the first time.
In this paper, we propose an AF relay-based cooperative communication system with limited feedback. We will evaluate the adaptive power allocation strategy in terms of minimum error rate criterion. Therein, Lagrange multiplier will be adopted to obtain the optimum solution. In addition, we will introduce the limited feedback general procedure and the Lloyd algorithm-based codebook design. Simulation results will compare the performance of the system with perfect feedback, a few bits of feedback, and non-feedback (uniform allocation).
The remainder of this paper will be organized as follows: Section 2 is the introduction of AF cooperative relay model. Section 3 is the minimum error rate criterion-based power allocation strategy. Section 4 is the demonstration of the limited feedback general procedure and the Lloyd algorithmbased codebook design. Section 5 is the simulation results. Section 6 concludes this paper.
AF Cooperative Relay Model
A cooperative communications strategy with two phases is considered for wireless communications and networks. In this paper, we focus on a single relay cooperative scheme, and we take AF relaying scheme as example to demonstrate the cooperative relay UWA communication strategy. Figure 1 shows the schematic description of UWA cooperative communication strategy.
Fig 1: Description of cooperative UWA communication strategies [19]
We assume the cooperative UWA communication system contains a source node s, a relay node r, and a destination node d. The AF cooperative transmission from the source to the destination is accomplished in two phases.

In Phase 1, the source broadcasts its information to both the destination and the relay at the same time.
In Phase 2, the relay can help the source by amplifying and forwarding the information to the destination. The received signals at the destination are obtained from source and relay in two different phases.
In Phase 1, the received signals and at the destination and relay can be written as =√
=√ (2) where is the transmission power of the source, and are channel power gain of source-to-destination and sourceto-relay, respectively. and are corresponding additive white Gaussian noise with zero-mean and variance .
In Phase 2, the received signal at the destination is given by
where
The signal-to-noise ratio (SNR) of the received signal with direct transmission is
The SNR of the received signal at the destination is given by
Based on Eqs. (5) and (6), and after combine the received signals using maximal ratio combing (MRC), the data rate of the AF protocol at the receiver side is obtained as (7) where W is the available bandwidth.
Power Allocation Strategy
In this paper, we propose a minimum error rate criterionbased power allocation strategy for AF cooperative UWA communications with limited feedback.
We consider the codebook design of power allocation vectors of (source) and , which are based on minimizing the average symbol error rate (SER).
Given the same signal constellation is used in each subcarrier, and assuming errors independently occur in each subcarrier, then the probability of SER is bounded by [32] ∏ √ Where is the average number of nearest neighbors to a point in any signal constellation is the minimum distance in is the Q-function, and W is the number of subcarriers. Assuming the CSI can be detected and estimated at the receiver side, is the received SNR in Eq. (7) .
We define a power allocation vector = [ ], where and . We denote
where ⁄ , the optimization problem is formally expressed as ∏
We employ the Lagrange multiplier method and KKT conditions to find out the solution of (10) We obtain the optimum power allocation vectors as
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For high SNR, (e.g., √ ) approaches to zero [33] . By substituting Eqs. (13), (14), and (9) into (11), we can obtain the following equation:
Similarly, we can obtain the solution for based on the same method as follow:
By comparing Eqs. (15) and (16), we conclude that for all i, j.
In order to simplify the solution of our optimization problem, we impose another condition:
for .
By solving the Eqs. (10) and (17) together, we obtain
After inserting Eq. (25) into Eq. (10), we can obtain the value of const. Therefore, the final results can be shown as ∑ and ∑
Lloyd Algorithm-Based Limited Feedback Procedure
Since we have obtained the optimal solution of power allocation in Eqs. (19) and (20), we design a finite codebook where N is the size of the codebook. In the limited feedback procedure, and the optimal codebook is defined as . At first, the CSI will be quantized into H parts, where M is the number of feedback bits. After selecting the optimal power allocation vector, its index will be fed back from the destination to the transmitter and relay sides, where the designed codebook is equipped in transmitter, relay node and destination.
In order to apply the Lloyd algorithm, we define an error distance function to measure the average distortion. The average distortion function ( is defined as
Now, the Lloyd algorithm-based limited feedback procedure can be described as follows:
1. First, randomly generate a codebook of power allocation vectors { } and set .
2. Divide the set of possible channel vectors into H quantization regions with kth region defined as
3. Construct a new codebook | Generally speaking, the distortion can be expressed and bounded as 
Simulation Results
We 
Conclusion
Cooperative relay-aided communications are novel for the underwater environments. This paper proposed a limited feedback-based UWA cooperative transmission system design. Simulation results showed our proposed system is a promising technique to be deployed for higher performance than tradition perfect feedback-based systems.
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